Introduction
Epigenetic regulation of gene expression encompasses DNA methylation, chromatin remodeling, histone variants, post-translational modifications of histone tails, and the actions of small, non-coding RNAs. 1 These pathways allow cells to develop and differentiate from the zygote stage of life, without changes in DNA sequence occurring. DNA methylation is the best-established epigenetic mechanism and is important in processes ranging from parental imprinting to X-chromosome inactivation. 2 Methylation of cytosines located in CpG-rich regions upstream of transcriptional start sites provides a stable and tissue-specific mechanism for regulation of gene expression. DNA methylation is catalyzed by one or more DNA methyltransferase (Dnmt) enzymes: Dnmt1, Dnmt3a and Dnmt3b. The dual Dnmt3 enzymes establish DNA methylation in germ cells and in early development, whereas Dnmt1 binds preferentially to hemimethylated DNA and re-establishes DNA methylation after DNA replication. 3, 4 The targeting of Dnmt1 to hemimethylated DNA is promoted by PCNA, UHRF1 and USP7. [5] [6] [7] Dnmt1 also interacts with Dnmt3a and Dnmt3b and multiple additional silencing proteins, including the HDAC1 and HDAC2, heterochromatin protein-1, and histone lysine methyltransferases and methyl-binding domain proteins. [5] [6] [7] Dnmt1 stability and function are regulated by several post-translational modifications, including phosphorylation, acetylation, ubiquitylation, methylation and sumoylation. 8, 9 Foxp3+ T-regulatory (Treg) cells are key to immune regulation. Foxp3 is located on the X-chromosome, and Foxp3-deficient mice or male Scurfy mice, with a frameshift mutation that results in disruption in Foxp3 DNA-binding, lack functional Tregs and succumb to fatal autoimmunity within a month after birth, 10, 11 unless adoptively transferred with normal CD4+CD25+ Tregs. 12 Similarly, mice deficient in IL-2 or CD25 have few Foxp3+ Tregs and succumb to lethal autoimmunity. 13 Like Dnmt1, Foxp3 expression is subject to epigenetic regulation. [14] [15] [16] [17] [18] The CpG island in the first intron of Foxp3 DNA is demethylated in naturally occurring human and murine Treg, and demethylation of this site correlates with Foxp3 expression and Treg function. 19, 20 Deletion of Dnmt1 in conventional T (Tcon) cells increases their Foxp3 expression upon TCR stimulation. 21 Likewise, use of the Dnmt inhibitor, 5-aza-2'-deoxycytidine, increases Foxp3 expression in WT Tcon cells and promotes their conversion into induced Treg (iTreg) cells. 18 For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From 4 Thus, it is clear that Dnmt1 limits the ability of CD4 T cells to express Foxp3 and develop into functional Treg cells. However, the role of Dnmt1 in the development and function of natural Tregs has not been explored.
To investigate the contribution of Dnmt1 to Treg biology, we conditionally deleted Dnmt1 within Foxp3+ Treg cells. Unexpectedly, we found that Treg development was impaired, and that extra-thymic Foxp3+ Tregs lost their suppressive function, leading to lethal autoimmunity. Loss of Dnmt1 was accompanied by marked upregulation of inflammatory genes within Tregs, widespread mononuclear cell infiltration of host tissues, and exuberant T and B cell responses. Thus, while modulation of Dnmt1 therapeutically may contribute to the conversion of T cells into Tregs in some systems, our data suggest this may potentially be counter-productive in the long-term since Dnmt1 appears to be indispensable for the inhibitory function of Foxp3+ Treg cells. 
Treg purification and Treg suppression assays
Cells from lymph nodes and spleens were pooled and Tregs, Tcon and APC isolated using magnetic beads (Miltenyi Biotech) or cell sorting (Aria, BD); Treg purity was >80% using beads and >98% using cell sorting.
To test Treg suppression in vitro, equal numbers of CFSE-labeled CD4+CD25-Tcon cells and γ-irradiated APC (5 x 10 4 /well) were incubated for 3 days (5% CO 2 , 37 °C) along with CD3 mAb (1 μ g/ml) and serial dilutions of Treg (Treg:Tcon ratios of 1:1 to 0.125:1), followed by flow cytometric assessment of Tcon proliferation.
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Hematology and autoantibody detection
Citrated blood samples were assessed using an automated hematology analyzer modified and calibrated for murine samples. Sera from male and female 3-4 week old Dnmt1-/-or WT mice, with or without WT Treg adoptive transfer, were serially diluted, incubated with cryosections of tissues from normal C57BL/6 mice for 30 min, washed in PBS, and bound autoantibodies detected using FITC-conjugated goat anti-mouse IgG (Jackson ImmunoResearch Laboratories, 1/200). Negative controls included use of pooled healthy sera, and use of conjugated-antibody alone.
Flow cytometry
Cells from thymus, LN and spleen were labeled using CD4-pacific blue, CD8-alexa 647, CD44-PE, CD25-PEcy7, CD90.1-PE, Foxp3-PE-cy5 and CD62L-APC-cy7, and analyzed by flow cytometry (Cyan,
DNA methylation
Global DNA methylation was assessed using a Methylated DNA Quantification kit (Sigma-Aldrich). Briefly, Treg DNA was extracted (Puregene DNA isolation kit, Gentra Systems), quantified with a spectrophotometer, and 200 ng of purified DNA in 30 μl binding buffer added/well. Methylated DNA was captured with anti-5-methylcytosine Ab, detected at 450 nm, and results calculated with reference to a standard curve generated with 
Methylated DNA immunoprecipitation (MeDIP)
Genomic DNA was extracted (Qiagen Dneasy kit), 6 μ g of DNA was digested with 24 U of Mse I overnight, and methylated DNA immunoprecipitated with anti-5-methyl-cytidine Ab (Abcam). Immunoprecipitated DNA was amplified using a genomic DNA amplification kit (WGA2, Sigma), purified and sent for DNA methylation microarray (Roche). Resultant data were analyzed using Partek GS 6.6, NimbleScan 2.6, and Integrative Genomics Viewer 2.1.17 (www.broadinstitute.org/igv). 27 Raw signal intensity data underwent Loess normalization. Scaled log2 ratio data were tested for normal distribution (Suppl. Fig. 12 ), and for significance using Student's t-test; significance was defined at a false discovery rate threshold of 0.5 (p<0.00083). Probes
For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From with a significantly different scaled log 2 -ratio were fitted with a fixed 750 bp long window, and a one-sided Kolmogorov-Smirnov test was applied to determine positive distribution of intensity log-ratios compared to the rest of the array. The -log 10 >2 of the resulting p-values were used for determining peak scores, which were mapped to overlapping features (5 kbp up-and 1 kbp downstream).
Luminex
Serum immunoglobulin isotypes were assessed with a multiplex mouse immunoglobulin assay kit (Millipore), using LiquiChip Luminex 100 (Qiagen) according to the manufacturer's instructions.
Homeostatic proliferation
One million Thy1.1+ CD4+ CD25-Tcon cells isolated using magnetic beads were injected intravenously into Rag1-/-C57BL/6 mice along with equal numbers of bead isolated fl-Dnmt1/CD4cre or WT CD90.2+ Tregs, or with FACS sorted fl-Dnmt1/Foxp3cre vs. Foxp3cre Tregs, as indicated. Seven days later, LN and spleens were harvested and CD90.1+CD4+ T cell numbers determined by flow cytometry. 16 
Cardiac transplantation
Hearts were harvested from BALB/c mice and engrafted using micro vascular techniques into Rag1-/-C57BL/6 recipients. 16 Immediately post-transplant, 1 million CD4+CD25-WT Tcon cells and a half million Dnmt1-/-or WT C57BL/6 Treg were injected via the tail vein, and allograft survival was monitored daily.
qPCR
RNA from freshly sorted CD4+CD25-T cell and Foxp3/YFP+ Tregs, as well as from corresponding cells activated for 24 h with PMA/ionomycin, was prepared (Qiagen RNAse kit), first strand cDNA made by reverse transcription, and qPCR performed with commercial probes and primers (Applied Biosystems).
For personal use only. on April 14, 2017. by guest www.bloodjournal.org From Microarrays RNA was extracted using RNeasy kits (Qiagen), and RNA integrity and quantity were analyzed by photometry (DU640, Beckman-Coulter). Microarray experiments were performed using whole-mouse-genome oligoarrays (Mouse430a, Affymetrix), and array data were analyzed using MAYDAY 2.12 software. 28 Array data were subjected to robust multiarray average (RMA) normalization. Normalized data were used for calculating fold changes of up-and downregulated genes using Student's t-test. Only data with a false discovery rate adjusted pvalue of p<0.05 and at least 1.5x differential expression were included in the analysis. Data underwent z-score transformation for display. We deposited our data in the NCBI Gene Expression Omnibus (GEO) database (www.ncbi.nlm.nih.gov/geo) under accession number (GSE27434).
Statistics
Data were analyzed using GraphPad Prism. All normally distributed data were displayed as means ± standard deviations (SD). Measurements between two groups were done with a Student-t test or Mann-Whitney U test.
Groups of three or more were analyzed by one-way analysis of variance (ANOVA) or the Kruskal-Wallis test.
Allograft survival was assessed using a log-rank (Mantel-Cox) test.
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Results
Mice with Dnmt1-/-Tregs develop Scurfy-like lethal autoimmunity
In many cells, Dnmt1 forms a complex with Dnmt3 and other proteins, and represses gene transcription. 29 We therefore investigated potential biochemical interactions of Dnmt1 and Foxp3. We purified Treg cells and found that immunoprecipitation of Foxp3 led to co-precipitation of Dnmt1 and Dnmt3a, but not of Dnmt3b (Fig. 1a) .
Hence, Foxp3 is physically associated with enzymes that are thought to control de novo (Dnmt3a) and maintenance (Dnmt1) methylation of multiple genes in Treg cells. Foxp3-mediated deletion of floxed Dnmt3a had no significant impact on the absolute numbers of Treg cells in lymphoid tissues (Suppl. Fig. 1 ), and these mice displayed a normal phenotype and lifespan, without evidence of autoimmunity. By contrast, male mice in which the floxed dnmt1 gene was deleted just within Tregs (fl-Dnmt1/Foxp3cre, hereafter Dnmt1-/-mice unless specified otherwise), developed systemic autoimmunity and died by 3-4 weeks of age ( Fig. 1b) , similarly to male Scurfy mice, 22, 30 unless adoptively transferred with WT Treg cells at 2-3 days of life (Fig. 1c) . Dnmt1-/-male mice showed abnormally small thymii but markedly enlarged lymph nodes and spleens (Fig. 1d) . Male Dnmt1-/-mice also had abnormal bone marrows (Suppl. Fig. 2) , and developed anemia, thrombocytopenia and a leucopenia (Fig. 1e and Suppl. Fig. 3 ) that arose primarily from reduced numbers of granulocytes (Suppl.
Fig. 4).
Male mice showed T cell infiltration of skin and peripheral organs, including lung, pancreas, liver, brain and other tissues (Fig. 1f, Suppl. Fig. 5 , Suppl. Table 1) , and developed multiple autoantibodies ( Fig. 1g and Suppl. Table 2 ). Hence, conditional deletion of Dnmt1 in Foxp3+ Tregs induces a lethal autoimmune disease comparable in severity and range of target organs affected to that seen in male Scurfy mice.
Loss of Dnmt1 affects post-thymic development of natural and induced Foxp3+ Tregs
Flow cytometric analysis showed that male mice with Dnmt1-/-Tregs had markedly reduced proportions of peripheral Foxp3+ Tregs but increased proportions of intrathymic Foxp3+ Tregs; representative flow cytometric plots are shown in Fig. 2a , and pooled data at 3-4 weeks of age are shown in Fig. 2b and Suppl. Fig. 6 . Dnmt1 deletion can cause DNA demethylation and p53-dependent cell apoptosis and death 22 , but the findings that a lack of Dnmt1 did not affect thymic production of Tregs but was accompanied by their marked decrease in the periphery, suggested peripheral Tregs might have a shortened lifespan. Consistent with this, Dnmt1-/-Treg cells underwent increased apoptosis upon TCR stimulation as compared to WT Treg cells (Fig. 2c, d) . Hence, the post-thymic lifespan of Dnmt1-/-Tregs, and their peripheral induction from conventional T cells, are impaired as a result of loss of Dnmt1.
Dnmt1-/-Tregs lack suppressive function
To analyze the development of lethal autoimmunity in mice whose Tregs lacked Dnmt1, we first tested the suppressive functions of Tregs isolated from floxed dnmt1/CD4-Cre mice using magnetic bead purification of CD4+CD25+ cells, and from floxed dnmt1/Foxp3-Cre mice using cell sorting based upon YFP-Cre recombinase fusion protein present in the 3' UTR of their foxp3 locus. 25 Compared with WT Tregs tested in standard Treg suppression assays in vitro, 16 both Dnmt1-/-Treg populations showed a profound loss of suppressive function, as seen in flow cytometric plots of T cells proliferating in the presence of varying ratios of Tregs (Fig. 3a) , and in cumulative data (Fig. 3b) . Loss of suppressive activity by Dnmt1-/-Tregs was also evident in vivo. In a homeostatic proliferation model, 16 Tcon cells expanded rapidly after adoptive transfer to immunodeficient (Rag1-/-) mice, whereas co-transfer of WT but not Dnmt1-/-Tregs significantly inhibited Tcon cell proliferation (Fig. 3c) . Loss of Treg function in Dnmt1-/-was not associated with decreased Treg numbers at the end of the three day assay in vitro (Suppl. Fig. 7) , while in vivo, Treg lacking Dnmt1 were significantly reduced at the end of the seven day homeostatic proliferation assay (Suppl. Fig. 8 ). We also assessed Treg function in a model in which fully MHC-disparate BALB/c cardiac allografts were engrafted into C57BL/6 (B6) Rag1-/-mice. 16 The adoptive transfer of 1 x 10 6 CD4+ B6 Tcon cells induced acute rejection in this model, whereas co-transfer of 0.5 x 10 6 WT B6 Tregs inhibited effector cell function and allowed long-term allograft survival. However, adoptively transferred Dnmt1-/-B6 Treg cells were unable to suppress Tcon cell activation and cardiac allografts were rejected by 3 weeks of transplantation (Fig. 3d) . Hence, loss of Dnmt1 in Fig. 9a ) but did not lead to the development of autoimmunity. TCR stimulation of these T cells in vitro resulted in reduced proliferation (Suppl. Fig. 9b ) and increased rates of activation-induced apoptosis (Suppl. Fig. 9c ) compared to WT cells, and they failed to undergo alloantigen-induced activation and proliferation in vivo (Suppl. Fig. 10) . Collectively, these data point to important roles of Dnmt1 in both Treg and Tcon cells.
Loss of Treg function leads to T and B cell activation
We assessed T and B cell activation in mice with Dnmt1-/-Treg cells, given a marked increase in cellularity of their peripheral lymph nodes and spleens compared to littermate controls (Fig. 4a) . Compared to WT controls, Tcon cells from mice with Dnmt1-/-Tregs showed immune activation in the absence of any exogenous stimulation, including increased expression of Ki-67, CD25, CD44, CD69 and reduced CD62L (Fig. 4b) .
Likewise, after 4 hours of stimulation with PMA/ionomycin, T cells from Dnmt1-/-mice showed greater expression of CTLA4 and increased production of IL-2, IL-4 and IFN-γ cytokines than T cells from WT mice (Fig. 4c) . Treg deletion of Dnmt1 also affected B cell activation, as reflected by the panoply of autoantibodies detected ( Fig. 1f and Suppl. Table 2 ). Thus, loss of Dnmt1 in Tregs was accompanied by significant increases in the levels of all immunoglobulin classes assayed (Fig. 4d) , by increased proportions of Ki-67+ B cells (Fig.   4e) , and by increase of an activated IgD and IgM double-negative population of B cells (Fig. 4e) . Hence, loss of Dnmt1 in Treg cells resulted in increased activation of host T and B cells.
Adoptive transfer of WT Treg alleviates autoimmune disease in fl-Dnmt1/Foxp3cre mice
Given the immunopathology observed in mice lacking Dnmt1 within Foxp3+ Tregs (Figs. 1-3) , we tested whether adoptive transfer of wild type (C57BL/6) Treg with normal Dnmt1 expression could reverse the autoimmune phenotype. Intravenous injection of 2 x 10 6 WT Treg into six male fl-Dnmt1/Foxp3cre mice at 2-4 days of life resulted in reconstitution of their Treg population (Fig. 5a) . We followed three mice for survival, which was markedly extended compared to fl-Dnmt1/Foxp3cre mice without WT Treg injection (Fig. 1c) . The other three mice were sacrificed during their third week of life, and analyzed for the same parameters that we
For personal use only. on April 14, 2017. by guest www.bloodjournal.org From had previously noted were abnormal in the fl-Dnmt1/Foxp3cre mice. Remarkably, CD4 and CD8 Tcon in treated fl-Dnmt1/Foxp3cre mice showed less cellular activation (CD44+CD62L-, Fig. 5b, c) . There was also normalization of hematologic parameters (Fig. 5d ) and immunoglobulin levels (Fig. 5e) , and markedly reduced infiltrates in liver and lung samples (Fig. 5f) . Correspondingly, adoptive transfer of WT Treg limited the amount of antibody formation in fl-Dnmt1/Foxp3cre mice (Fig. 5g) . Together, these data show that transfer of WT Treg can curtail development of autoimmunity in mice lacking Dnmt1 within Foxp3+ Treg.
Loss of Dnmt1 does not affect methylation of foxp3 TSDR or promoter regions
Given the marked effects arising from targeted deletion of Dnmt1 in Tregs, we analyzed DNA methylation in Dnmt1-/-Foxp3+ Treg cells. CpG islands of the foxp3 intronic site known as the Treg-specific demethylation region (TSDR) are normally fully demethylated in Treg cells, but are fully methylated in Tcon cells. 20 We first assessed TSDR methylation by bisulphite conversion, cloning and sequencing. 31 We found that the TSDR site was still demethylated in Dnmt1-/-Treg cells and methylated in Tcon cells (Fig. 6a) , and our results were confirmed by pyrosequencing 32 (Fig. 6b) . In addition to TSDR demethylation, the CpG islands of the foxp3 promoter are normally fully demethylated in Treg cells but partially methylated in Tcon cells. 20 Again, we found that the normal patterns of demethylation of the foxp3 promoter were unchanged in Treg and Tcon cells of Dnmt1-/-vs. WT mice (Fig. 6c) , and demethylation of the foxp3 promoter was unaffected by CD3/CD28 mAb stimulation (Suppl. Fig. 11 ). By contrast, global DNA methylation was significantly decreased in Tregs of Dnmt1-/-vs. WT mice (Fig. 6d) . Hence, loss of Treg expression of Dnmt1 did not affect methylation at key foxp3 regulatory sites but did broadly reduce DNA methylation in Treg cells.
Loss of Dnmt1 affects genome wide Treg methylation and gene expression
Given the overall importance of Dnmt1 in transcriptional gene regulation, we assessed genome wide DNA methylation using Methylated DNA Immunoprecipitation (Fig. 7a and Suppl. Fig. 12 ). Deletion of Dnmt1 in Treg led to significant differential methylation in 6.9% of the genome. Further detailed analysis of mapped peaks indicated enhancer and promoter hypermethylation of genes essential to Treg function, such as CTLA4 33 On the other hand, we noted demethylation of genes normally suppressed in Treg, such as Mcpt8
(protease-8), a highly basophil-specific marker, 34 as well as the enhancer-specific region of IFN-γ (Fig. 7b) .
The DNA methylation findings correlated well with gene expression data, showing prominent increase in IFN-γ , and other transcripts of identified genes with altered methylation (Fig. 7c and 7d , and Suppl. Fig. 13) , as well as genes of relevance to Treg function.
Next, we investigated global transcription by microarray analysis to assess differences in gene expression by Dnmt1-/-vs. WT Treg cells. We observed altered expression of many Treg-associated genes (Fig. 7e) Fig. 14) .
Previous studies indicated that loss of Dnmt1 caused cell type-specific changes in gene expression, including expression of imprinted genes, cell-cycle control, and growth factor/receptor signal transduction genes. 22, 24 Consistent with this, functional annotation clustering showed that Dnmt1 deletion upregulated genes associated with diverse functions ranging from control of transcription and translation to nuclear organization (Fig. 7f) . Likewise, Dnmt1 targeting disrupted the functionally important pathway regulating extracellular adenosine production (Fig. 7g) . [35] [36] [37] Loss of Dnmt1 in Foxp3+ Tregs led to downregulation of CD73 expression and an increase in their expression of adenosine deaminase, suggesting that Dnmt1-/-Tregs actively metabolize adenosine rather than using its production to regulate the cAMP levels and associated threshold for cellular activation of Tcon cells. Hence, Dnmt1 deletion in Tregs has effects on expression of a broad range of genes that are well established in Treg biology, but remarkably also profoundly altered expression of many other 
Discussion
The autoimmunity developing in mice whose Foxp3+ Tregs lack Dnmt1 is notable for its rapidity and severity, and for its remarkable similarities to the lethal X-linked autoimmunity arising in Scurfy mice that is regarded as the most severe form of autoimmunity arising in mammals. 30, 38, 39 However, while the autoimmunity in both cases arises from almost complete loss of Treg suppressive function, Scurfy mice and also patients with IPEX syndrome produce an abnormal Foxp3 protein that lacks a DNA-binding forkhead domain, whereas in the current study a normal Foxp3 protein is expressed but a global reduction in methylation leads to altered methyltransferases that promote chromatin compaction. 40 Global reductions in T cell DNA methylation are correlated with the development of autoimmunity, including systemic lupus erythematosus (SLE), rheumatoid arthritis, systemic sclerosis and dermatomyositis. 41, 42 There are also murine models of SLE that are induced by use of Dnmt1 inhibitors, 43 but the current model is the first known example of aggressive autoimmunity arising from precise genetic targeting of a single Dnmt enzyme.
As a result of defective Treg function, mice in the current study showed a complex and systemic autoimmunity involving both T and B cell lineages. Affected mice showed progressive mononuclear cell infiltration of the lung, liver, skin, bone marrow and other sites, leading to disorganized lymphoid architecture, as well as anemia, thrombocytopenia and neutropenia, but lacked colitis or hyperglycemia; these are all findings very typical of the autoimmunity seen in Scurfy mice. 30, 38, 39 While the precise mechanisms can vary by context, Foxp3+ Tregs usually suppress the activation of T, DC and NK cells. 44 Treg cells can also induce B cell death and suppress antibody production, and patients with IPEX syndrome and Scurfy mice display a loss of B cell anergy and produce a diverse array of autoantibodies, 45, 46 as found in the current study.
For 
